In this study, the structural fragility of a bridge structure due to a tsunami wave load is evaluated, quantitatively analyzing the damage data of bridge structures due to the 2004 Tsunami in Sri Lanka and in Indonesia, which are on basis of 58 data on Sri Lanka and 17 data on Sumatra. By the formulation of a fragility curve of a bridge structure from statistical analysis of the data, the structural fragility of a bridge structure due to a tsunami wave load, which describes the relation between the tsunami damage classification of a bridge structure and a tsunami wave load such as inundation depth and inundation height, is revealed.
INTRODUCTION
A giant earthquake of M 9.1, whose hypocenter was located far off the northern part of Sumatra island in Indonesia, occurred on December 26th, 2004 (UTC 00:58:53) (USGS, 2007) . The tsunami induced by the earthquake caused catastrophic damage in countries surrounding the Indian Ocean such as Indonesia, Sri Lanka, Thai, India, Malaysia, and Myanmar. The main reason for the damage is that as well as masonry and wooden houses necessary for the dairy life of inhabitants being severely affected by tsunami wave loads, infrastructure such as transportation facilities, electricity power supply systems, and water treatments were also affected structurally and functionally. For instance, along the east, south, and southwest coastline of Sri Lanka of a total about 1,000 km, and along the northwest coastline of Sumatra of more than 250 km, road infrastructure was affected by the tsunami, and various damage patterns, which are classified into washout and movement of a superstructure, minor damage, and scouring and erosion of soil embankments around abutments, were observed dependent on the tsunami wave height.
Such infrastructure systems play a crucial role for the stakeholders involved in a tsunami disaster in responding at the stage of crisis management even after an event as well as in reconstruction and rehabilitation management; it is important to use road infrastructure for the evacuation of inhabitants and first-aid for wounded persons, for transportation of emergency materials to affected areas, and for dispatch of associated expertise at the above stages. In consideration of the high risk associated with a tsunami disaster in Japan that is feared with the anticipated Tokai, Tohnankai, and Nankai Earthquake, the development of a framework of tsunami risk assessment for infrastructure is significantly required.
Many valuable studies on the fragility evaluation of a structure due to a tsunami have been conducted mainly in the field of seismology as well as and coastal and hydraulic engineering. Among these, Hatori (1984) clarified the relation between the damage percentage of a wooden house with an inundation height on the basis of previous tsunami damage data such as the 1933 Sunriku and the 1960 Chile Tsunamis, and Shuto (1993) first introduced the tsunami fragility curve of a wooden house based on analysis of the results by Hatori (1984) . Matsutomi and Shuto (1994) analyzed the relation between the damage level of a reinforced concrete (RC) house, a concrete bloc house, and a wooden house with an inundation height from assessment of tsunami damage data of the 1993 Hokkaido-Nanseioki Earthquake. From the viewpoint of evaluation of tsunami wave velocity, which is the other important index of a tsunami wave load, Matsutomi and Iizuka (1998) theoretically formulated equations to evaluate tsunami wave velocity on basis of the results of their hydraulic experiments. In addition, from the viewpoint of evaluation of tsunami wave force on a structure, Matsutomi and Oomukai (1999) evaluated the drag force acting on a house on the basis of a series of hydraulic experiments. Mizutani and Imamura (2000) showed a framework of evaluation of tsunami wave pressure on an inclined structure such as a shore protection structure, and Asakura et al. (2000) proposed a model to describe tsunami wave pressure on a structure when a tsunami runs up across a shore protection structure. Furthermore, experimental and numerical studies were conducted to clarify the hydrodynamic force acting on a house in groups of houses due to flood-or tsunami-induced flow (Fukuoka et al., 1997, Iizuka and Matsutomi, 2000) . However, these researchers dealt with tsunami wave loads affecting houses and costal infrastructure such as a shore protection structure, whereas there is insufficient research dealing with tsunami damage to road infrastructure, although results on the basis of a field survey of road structures in Indonesia and in Sri Lanka were promptly reported even after the 2004 Tsunami in the Indian Ocean (e.g., Iemura et al., 2005 , Unjho et al., 2005 , Shoji and Mori, 2006 , Kosa et al., 2006 . For the reason above, in this study, the structural fragility of a bridge structure due to a tsunami wave load is evaluated, quantitatively analyzing the damage data of bridge structures due to the 2004 Tsunami in Sri Lanka and in Indonesia, on the basis of 58 data on Sri Lanka and 17 data on Sumatra. From the statistical analysis, the relation between the probability of tsunami damage to a bridge structure to a tsunami wave load such as the inundation depth and the inundation height is revealed.
FRAGILITY CURVE
Failure probability Pf of a bridge structure due to a tsunami is derived as probability P (C R) so that the response of a bridge due to a tsunami R (bridge response) becomes equal to and larger than the resistance of a bridge against a tsunami C (bridge resistance) as follows: (1) where R is the function R (rm, r) of median rm and coefficient of variation r of the bridge response, and C is the function of C (cm, c) of median cm and coefficient of variation c of the bridge resistance. X is the random variable to present the ratio of bridge resistance C to bridge response R, and then X is assumed to be logarithmic normal distribution. Hence, probability density function fx associated with X is derived as follows: (2) where is the logarithmic standard deviation:
From Eq. (1) and Eq. (2), failure probability Pf of a bridge structure due to a tsunami is derived as probability distribution function Fx of fx as follows: (3) Now, the variable transformation associated with X is performed as the following Eq. (4), and random variable Z is newly defined as a parameter in order to calibrate the dimension of X by multiplying X by median rm of bridge response R and to make Z the same dimension as C:
Substituting Eq. (4) for Eq. (3), failure probability Pf of a bridge structure due to a tsunami is derived as the function of C:
By the modification of Eq. (5), the damage probability of a bridge structure in relation to a tsunami wave load will be modeled mathematically as a fragility curve as shown in the following chapter. Shoji and Mori (2006) . These bridges are located along the southwest and south coast of Sri Lanka as shown in Fig. 1 . Shoji and Mori (2006) collected and archived 60 data that contain the information shown in Table 1 : the structural failure mode of subject bridges due to a tsunami, structural type, bearing type, span, length of deck, height of deck, total width of deck, thickness of deck, distance from the coastline to a subject bridge, the height from the still water surface level under the bridge to the deck, and the inundation depth around a subject bridge due to a tsunami. Based on the data, we classified the damage pattern of affected bridges from washout and fall-down of a deck (rank A), movement of a deck or damage to an abutment due to scouring and erosion (rank B), minor damage to a deck attachment such as bridge railings (rank C), to no damage (rank D) as shown in Table 2 . Fig. 2 shows the structural type, span, and bearing type of subject bridges and Fig. 3 shows a schematic view of two affected bridges, Akurala Bridge in Paraliya and Magalle Bridge in Galle City, to introduce rank A and rank B damage to one of the bridges in Sri Lanka. A quantitative index to present a tsunami wave load on a bridge structure in mechanics is the inundation depth around a subject bridge as previously mentioned. The value of an inunda-
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Fig. 1 Subject road infrastructure in Sri Lanka
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tion depth is defined as that of the height from the still water surface level under a subject bridge to the inundation line marked on a house located around a subject bridge where the inundation line could be identified and measured during the survey. However, when it could not be, the value of the inundation depth is defined as that of the height from the still water surface level under a subject bridge to the inundation depth level over the bridge surface on the basis of the associated information by hearings from inhabitants living in houses around a subject bridge. Because the values of the inundation depth are those dependent on the tide level at the site of a subject bridge at the time of day of the field survey, the values of the inundation depth were adjusted to those on December 26th, 2004, using the method of , as follows (Fig. 4) :
where H is the inundation depth adjusted as the value on December 26th, 2004, a is the height from the still water surface level under a subject bridge to the inundation depth level over the subject bridge at the time of day of the field survey, b is the difference in height between the still water surface level at the time of day of the field survey and the minimum still water surface level, and c is the difference in height between the still water surface level on December 26th, 2004 and the minimum still water surface level. a is obtained directly from the survey data, and b and c are the values of astronomical tide levels in Colombo and Galle numerically computed by . In Sri Lanka, these values are obtained at only two sites, Colombo and Galle, and then, to adjust the value of the inundation depth at subject bridges located near Colombo (bridge nos. 1 to 23 in Table 1) , the values of b and c are used as those of astronomical tide levels in Colombo, whereas to adjust the value at subject bridges located near Galle (bridge nos. 24 to 58 in Table 1 Analyzed data associated with inundation depth at the sites of subject bridges in Sri Lanka , as well as data of Sri Lanka, are used for structural fragility analysis. Table 3 , like Table 1 , shows the data associated with structural characteristics and damage to 27 subject bridges in Sumatra due to the tsunami. The context of the data regarding the bridges in Sumatra in Table 3 (Sumatra data) is almost same as that regarding the bridges in Sri Lanka in Table 1 (Sri Lanka data). However, the data associated with bearing type, distance from the coastline to a subject bridge, and height from the still water surface level under the bridge to the deck are not collected in the Sumatra data. Fig. 6 shows the structural type and span of subject bridges in the Sumatra data. In assessing the Sumatra data, not the inundation depth but the inundation height around a subject bridge is used as the quantitative index to present a tsunami wave load on a bridge structure in mechanics. These data are measured by and Fujima et al. (2006) . Fig. 7 shows the location of subject bridges and information on inundation height and tsunami runup height in the northwest of Sumatra.
FRAGILITY ANALYSIS
(1) DEVELOPMENT OF FRAGILITY CURVES Now, fragility curves both in the Sri Lanka data and the Sumatra data are developed by the modification of Eq. (5) as previously described in the Chapter 2. Fifty-eight data among 60 in the Sri Lanka data, in which 2 data of unaffected bridges are included, and 17 data among 27 in the Sumatra data, with the information on inundation height around subject bridges, are used for fragility analysis.
Cumulative damage probability Pc i (i=rank A ~ rank D) of a bridge structure due to a tsunami wave load, by which the damage to affected bridges is classified as rank A to rank D as shown in Table 2 , is assumed to be the same as failure probability Pf of a bridge structure due to a tsunami, and random variable Z, which describes the relationship between bridge resistance C with bridge 77 Table 3 Structural characteristics and failure mode of subject bridges, and data of inundation height and runup height around subject bridges in Sumatra
Fig. 7
Location of subject bridges and analyzed data associated with inundation height and tsunami runup height in the northwest of Sumatra response R, is assumed to be the variable to present a tsunami wave load, as follows: (7) where Y and Y are mean and standard deviation of random variable Y, which is defined as the logarithm of random variable Z: Y=ln Z. z means the value of Z. In assessing the Sri Lanka data, an inundation depth H (Fig. 4) is idealized as tsunami wave load Z, whereas in assessing the Sumatra data, an inundation height H is idealized as tsunami wave load Z, as shown in Fig. 8 . In addition, we have the relationship between Y and the median of Z, , and that between Y and the coefficient of variation of Z, Vz, as follows: Tables 6 and 7 . Hence, all parameters to model cumulative damage probability Pc i shown in Eq. (7) are determined, and the fragility curves associated with cumulative damage probability of a bridge structure against tsunami wave load Z can be developed as shown in Figs. 11 and 12 .
In Fig. 12 , only the fragility curve of rank A is derived because based on the Sumatra data, the number of data related to damage of rank B and rank C is not sufficiently obtained for the linear regression analysis. Figs. 11 and 12 shows the structural fragility of the total subject bridges based on 58 data in the Sri Lanka data and 17 data in the Sumatra data; the curves indicate the general fragility trends of a bridge structure and contain information associated with various types of structures. Therefore, in the following, the fragility curve that presents the specific fragility trends of a single-spanned reinforced concrete bridge without bearings, based on the Sri Lanka data, referring to Fig. 2 , is derived as shown in Fig. 13 . From Fig. 11 , damage probability P A (=Pc A ) of rank A, which means washout and fall-down of a deck, becomes nearly 0.1 when the inundation depth is 4 m, whereas the value of P A increases from 0.2 to 0.25 when the inundation depth increases from 6 m to 8 m. Damage probability P B (=Pc B -Pc A ) of rank B, which means movement of a deck or damage to an abutment due to scouring and erosion, becomes nearly 0.3 when the inundation depth is 4 m, whereas the value of P B increases from 0.3 to 0.35 when the inundation depth increases from 6 m to 8 m.
Compared with the trend of P A in Fig. 11 , derived by the use of all the data among the Sri Lanka data (all bridge data), the trend of P A in Fig. 13 , derived by the use of only the data associated with a single-spanned reinforced concrete bridge without bearings (single-spanned bridge data), becomes different; the value of P A based on the single-spanned bridge data becomes larger than that based on all bridge data when the inundation depth approaches a value from 6 m to 8 m, although the values of P A based on both the single-spanned bridge data and on all bridge data are almost same when the inundation depth is 4 m. This indicates that a singlespanned reinforced concrete bridge without bearings subjected to a tsunami wave load is more fragile compared to other types of bridge structure. One explanation for this may be that drag force Qd I span against a tsunami wave induced in a deck of a singlespanned bridge becomes smaller than the Qd M span induced in decks of a multi-spanned bridge, supposing that tsunami wave velocity v is almost same when inundation depth Z is the same in this analysis based on the Sri Lanka data. Now, drag force Qd is derived as follows: (10) where w is the mass of sea water in a unit volume, Cd is the drag coefficient, and A is the section area of a deck subjected to a tsunami wave. The drag coefficient of a deck of a single-spanned bridge, Cd I span , and that of a deck of a multi-spanned bridge, Cd M span , could be assumed to be almost the same, and the section area of a deck of a single-spanned bridge subjected to a tsunami wave, A I span , becomes smaller than that of a deck of a multi-spanned bridge subjected to a tsunami wave, A M span ; hence, from Eq. (10), Qd I span becomes smaller than Qd M span , supposing that tsunami wave velocity v is almost same.
On the other hand, in Fig. 12 , which is the case based on the Sumatra data, damage probability P A of rank A when the inundation height becomes more than 9 m is clarified because not inundation depth but inundation height is used as the index of a tsunami wave load. From Fig. 12 , damage probability P A of rank A becomes nearly 0.4 when the inundation height is 12 m, whereas P A increases to nearly 0.5 when the inundation height increases to 20 m; this inundation height level corresponds to an extreme tsunami wave load, and it has high possibility of causing catastrophic damage to a bridge structure.
(3) FAILURE MECHANISM OF A BRIDGE STRUCTURE BY A TSUNAMI WAVE LOAD Now, we will hypothesize that the mechanism of the tsunami wave load on a bridge structure is qualitatively divided into two mechanisms; the mechanism due to the flow induced by a tsunami wave (mechanism I) and that due to the impulsive pressure induced by a tsunami wave (mechanism II), as shown in Fig. 14 . It might be considered that not mechanism I but mechanism II occurs when a tsunami wave load becomes extremely large compared to the capacity of resistance of a bridge structure, for instance, when the inundation depth or inundation height becomes extremely large. Such a hypothesis makes it possible for the fragility curves from Fig. 11 and Fig. 13 based on the Sri Lanka data to result from mechanism I, whereas the fragility curve from Fig. 12 based on the Sumatra data results from mechanism II. Examining it in detail, a tsunami wave load within the range 5-m to 10-m inundation depth corresponds to that on a bridge structure associated with mechanism I, whereas a tsunami wave load beyond the range of 10-m inundation height and approaching a 20-m inundation height corresponds to that associated with mechanism II. The tsunami wave load on mechanism I causes the movement of a deck following the washout and fall-down of a deck, which results in major damage to a bridge structure of either rank B or rank A at its worst, whereas that on mechanism II causes the direct and catastrophic washout and fall-down of a deck and columns, which results in 'severe' damage of rank A. However, because there is no direct and independent evidence to decide the above matter, further numerical and experimental studies will be performed to prove our hypothesis.
CONCLUSIONS
In this study, the structural fragility of a bridge structure due to a tsunami wave load was evaluated, quantitatively analyzing the damage data of bridge structures in Sri Lanka and in Indonesia due to the 2004 Giant Tsunami in the Indian Ocean, which are on basis of 58 data on Sri Lanka (Sri Lanka data) and 17 data on Sumatra (Sumatra data). Assessing the data and classifying the tsunami damage to a bridge structure into washout and fall-down of a deck (rank A), movement of a deck or damage to an abutment due to scouring and erosion (rank B), minor damage to a deck attachment such as bridge railings (rank C), to no damage (rank D), the relation between the probability of tsunami damage to a bridge structure with a tsunami wave load such as inundation depth and inundation height is clarified with the development of fragility curves. From the analysis, the following conclusions are deduced.
1) From the fragility curves derived based on the Sri Lanka data dealing with a 'major' tsunami wave load on a bridge structure, which means an inundation depth level within 10 m, damage probability P A or P B of rank A or rank B becomes nearly 0.2 to 0.3 when the inundation depth comes within 5 m, whereas the value of P A or P B increases from 0.35 to 0.4 when the inundation depth approaches a value close to the 10-m order; it might cause the failure mode of a bridge structure due to the flow induced by a tsunami wave. 2) From the fragility curves derived based on the Sumatra data dealing with a severe tsunami wave load on a bridge structure, which means an inundation height level ranging from 10 m to 20 m, damage probability P A of rank A becomes nearly 0.4 when the inundation height reaches the value beyond 10 m, whereas P A increases to nearly or more than 0.5 when the inundation height approaches a value of 20 m; it might cause the failure mode of a bridge structure due to the impulsive pressure induced by a tsunami wave.
